Two multiple forms of a-glucan phosphorylase which migrate about half way in polyacrylamide-gel electrophoresis (named "slow" and "fast" isozyme), were isolated by combined chromato graphy and preparative electrophoresis after freezing the tissue from freshly harvested and from sprouting potato tubers respectively. Depending on the primer used for the synthesis reaction their pH optimum varied between 5.2 and 6.0 and the optimum temperature was 30 and 35 °C. The isoelectric point for the slow isozyme was at pH 5 .0 + 0.1 and for the fast isozyme, pH 5 .5 + 0.1, the molecular weights were 209 000 + 10 000 and 165 000 + 5000 and for their subunits 104 000 + 4000 and 40 000 + 2000 respectively. Both isozymes were inhibited by Hg2+, Ag+ and p-chloromercurobenzoate (p-CMB). Fe2+ ions inhibited them partially. Mg2+, Mn2+ and sulfhydryl compounds acti vated both.
Phosphorylases (a-l,4-glucan: orthophosphate glucosyltransferase, E.C. 2.4.1.1.) have been exten sively studied in mam m alian tissues, particularly in those of rabbit *. In contrast to animal phos phorylases, relatively less attention has been given to the plant phosphorylases. Multiple forms (the term "isozyme" is used synony mously) of a-glucan phosphorylase have been demonstrated in blue-green algae 2> 3, maize 4, corn 5, Phaseolus v u lg a ris6, b a n a n a 7, Solanum tuberosu m G~n , spinach and Vicia faba 6' 12. The potato is one of the richest sources of plant phosphorylase and it is the best studied plant phosphorylase 13_17. Stegemann et a l . 8' 9' 18-20 have shown by their prim er technique and activity staining that the iso zyme pattern vary according to the time of harvest, conditions of storage and part of the tuber samples taken from. Among the isozymes a slow and a fast one which migrate about half way in the polyacryl amide (PAA)-gel are of special interest. The slow moving isozyme which is abundent in young or freshly harvested tubers, but vanishes in sprouting tubers with concomitant appearence of the fast moving isozyme if the sample is taken from frozen tubers 8> 9. We have designated them as " slow" and "fast" phosphorylase isozyme respectively. Main object of the present investigation is to purify the afore mentioned two isozymes in order to get more information about the function of them in the regu lation of carbohydrate metabolism from white potato tubers. Prelim inary reports of this work have already been presented 21 ~24.
Materials and M ethods

1.
Plant m aterials: Harvested white potato tubers (Solanum cv. Adelheid) and sprouting tubers (cv. Rosa) were used as the source of slow and fast isozymes respectively. Potatoes were frozen at ap propriate time and thawed for 12 hours before use. Unless otherwise stated all further operations were done at 4 °C.
Extraction of the cru.de sap:
The peeled and sliced potatoes (400 g) were pressed in a hydraulic press (SKG-Tinkturenpresse von Seifert KG, D-7550 Rastatt, POB 606) to obtain the sap. The browning due to oxidation was avoided by adding 2% v/v sulphite solution containing 3.75% sodium bisul phite and 7.44% E D T A 2°. After allowing to stand for an hour the solution was clarified by centrifuga tion at 12000 X g for 20 min. The supernatant was checked for the presence of the respective single isozyme by analytical PAA-gel electrophoresis using the prim er technique of Siepmann and Stegem a n n 8 in slabs of 3 mm thickness (for details see paragraph "electrophoresis" ) . The supernatant was used for fu rther purification.
Heat treatm ent:
The temperature of the super natant was brought to 50 °C ± 1 and maintained for 10 min with constant stirring. It was rapidly cooled in an ice bath and the resulting precipitate was removed by centrifugation for 20 min at 12000 xg. 4 . A m m onium sulphate fractionation: Super natant obtained after heat treatm ent was brought to 40% saturation by the addition of solid ammonium sulphate with constant stirring. Suspension was al lowed to stand for one hour at 4 °C and clarified by centrifugation for 20 min at 12000 x g. The pre cipitate was discarded, the supernatant was col lected and brought to 50% saturation. The mixture was allowed to stand for one hour, centrifuged and the sediment was used for further purification.
D ialysis:
The precipitate was dissolved in the minimum am ount of proper buffer (citrate buffer, pH 6.2, 0.05 M for the slow enzyme and Tris-HCl buffer, pH 7.5, 0.05 M for the fast enzyme) and dialysed for 6 hours. These buffers were found to stabilize the respective isozym es26. The retentate was centrifuged as before and the supernatant was used for column chromatography studies.
6. DEAE-cellulose chrom atography: 5 ml of the supernatant was applied to DEAE-cellulose (Merck 3201) column ( 2 .5 x 4 0 cm) equilibrated with TrisHCl buffer, pH 7.5, 0.05 M. Elution was effected with a linear gradient of 1 M sodium chloride in Tris-HCl buffer, pH 7.5, 0.05 M, by using 250 ml of each solution at a rate of 60 ml per h. Fractions of 10 ml were collected and analysed for phosphorylase activity. It was observed that the fast enzyme elutes between 140 and 170 ml and the slow enzyme elutes between 220 and 250 ml. The elutes containing the enzyme were pooled and concentrated in collodium bags to about 7 ml as described by Francksen and Garadi 27.
7. P reparative electroph oresis: 7 ml of the con centrated elute was further purified by PAA-gel elec trophoresis according to the method of Stegemann 28 in a PANTA-PHOR apparatus (Labor-Müller, D-3510 Hann. Münden) using PAA-gel blocks of 1 0 0 x 1 2 0 x 1 6 mm and applying 120 V and 100 mA at 10 °C for 16 hours. A fter electrophoresis the gel was washed twice with chilled citrate buffer, pH 5.1, 0.1 M, for about 15 min each to remove the al kaline electrophoretic buffer. A longitudinal gel strip of about 1 cm breadth was cut out and incubated in 50 ml citrate buffer, pH 5.8, 0.1 M containing 0.2 M glucose-1-phosphate as substrate (G -l-P, Boehringer, Mannheim) and 0.1% glycogen as prim er (Merck 4202, Darm stadt) at 30 °C with gentle shaking for half an hour. The enzyme was located by staining the synthesized polyglucans with dilute io d in e8. The slow and the fast isozymes from the unstained p art of the gel were eluted with an equal amount of [w/v] citrate buffer, pH 6.5, 0.1 M and Tris-HCl buffer, pH 7.5, 0.05 M respectively after pressing the gel through a sieve (0.5 x 0.5 mm mesh) in a plastic syringe. The elution time was 10 min. The supernatant obtained after centrifuga tion at 12000 x g for 15 min was used as " free enzyme" for further studies. The purity and stability of the isozymes during the course of all purification steps was checked by analytical PAA-gel electro phoresis in 3 mm thick slabs 29.
A nalytical electroph oresis:
The electrophoresis was carried out in a PA N TA -PH O R-apparatus29 employing 5% Cyanogum® in 0.04 M borate buffer, pH 8.2, at 300 V and 100 mA for 3 hours at 0 °C. A portion of the gel was stained for proteins with coomassie b lu e 25. Phosphorylase activity in the re m aining portion of the gel was detected by in cubating the gel with glycogen (0.1%) and G -l-P (0.2%) in citrate buffer, pH 5.8, 0.1 M at 30 °C and staining with dilute iodine solution as mentioned before. Whenever the gel was needed only for acti vity staining electrophoresis was carried out ac cording to Siepmann and Stegem ann8. For protein electrophoresis 5% Cyanogum® was used in 0.4 M Tris-borate buffer, pH 8.9 at 600 V and 60 mA for 90 min at 0 °C 25.
5
to 10 ju\ of fresh potato sap, variety ROSA, pre pared in May just before sprouting containing both the isozymes were electrophoretically separated in a PAA-gel blocks of 3 mm containing glycogen ac cording to the prim er technique 8. Certain parameters like pH profile and tem perature optimum (incuba tion time 120 min) were determined by incubating the enzyme loaded gel strips "isozymes in gel" in the corresponding mixtures. The gel strips were al ways preincubated in the buffer solution without substrate for 15 min before studies. 
Effect of cations and other com poun ds:
The "synthetic" activity of the isozymes in presence of different prim ers was studied by preincubation of the respective isozyme with the specific cation or the compound for 15 min followed by the activity determination as mentioned before. Values were cor rected against suitable blanks.
K inetic procedures:
Synthetic reaction of phosphorylase isozymes were studied by measuring the amount of Pi liberated under standard condi tions by using varying amounts of G -l-P (1 to 120 //mol per ml) in presence of a prim er namely soluble starch, amylose (Merck 4561) or glycogen containing a constant num ber of anhydrous glucose molecules (3.0 //m ol per m l). Sim ilarly the affinity of the phosphorylase isozymes to the prim er was estimated by keeping the amount of G -l-P constant (1 0 /«nol per ml) in presence of varying amounts of prim er containing 0.3 to 9.0 //m ol of anhydrous glucose per ml. Kinetic experiments in the direction of polysaccharide degradation were carried out ac cording to Franken et al. 16 in presence of varying amounts of soluble starch or amylose or glycogen, at 30 °C and pH 7.0 by a coupled assay in which the reaction was coupled to a large excess of phosphoglucomutase and G-6-P dehydrogenase so that the rate-limiting step in the formation of NADPH was the phosphorylase reaction. In soluble starch and amylose the amount of anhydrous glucose per ml varied between 0.1 and 10 //mol and in glyco gen it varied between 0.1 and 8 0 //mol per ml.
For determination of kinetic constants at least ten different substrate concentrations were used in each case. 25 //g of phosphorylase isozyme per ml was taken for all kinetic measurements. The initial rates were expressed in mmol of product formed per min per mg of enzyme per 1. The synthetic and phosphorolytic activity of the isozymes were m easured with the same batch of enzyme simultaneously as the enzyme activity slightly varies from batch to batch and also the activity of the enzyme decreases rapidly in a very highly purified state.
K m values and were determined by plotting 1/V against 1/5 according to Lineweaver-Burk38. Similarly the prim er affinity of the phosphorylase isozymes were determined by plotting reciprocal of the respective prim er concentration against recipro cal of liberated P i 39. All values for polyglucans were expressed in concentration of anhydrous glu cose.
Conversion of phosphorylase isozymes from slow to fast form and vice versa was achieved by dialysing the partially purified isozyme by heat treat ment and ammonium sulphate fractionation of the crude sap obtained from 100 g of the tubers con taining the respective single isozyme. The pre cipitate obtained between 40 and 50% ammonium sulphate concentration was dissolved in 4 ml of 0.05 M Tris-HCl buffer, pH 7.5 and dialyzed against the buffer at 4 °C for an hour to remove the am monium sulphate. The retentat was redialyzed at 4 °C for 80 hours in buffer solutions of 0.1 M and of different pH values varying from 5.0 to 8.0 with a difference of 0.5 pH units each time. Citrate buffer was taken to convert the fast isozyme into the slow form and the phosphate buffer was used to convert the slow isozyme into the fast form. Each time 0.1 ml of the retentant was pippeted at an interval of 5 hours and subjected to analytical PAA-gel electrophoresis for activity staining as mentioned before.
Results
Purification data of the preparations derived from phosphorylase isozymes from potatoes are sum a Specific activity is expressed in //mol of product formed per h per mg of enzyme at specified assay conditions. See methods.
marized in Table I . Starting with 400 g of the tubers (variety A delheid), 11 mg of purified slow isozyme which could hydrolyze 1 6 0 //mol of G-l-P per hour per mg of protein under standard condi tions was obtained. 6 mg of the fast isozyme (variety Rosa) was isolated in a sim ilar fashion. This iso zyme could hydrolyse 96.5 //mol of G -l-P per mg of protein per hour. Phosphorolytic activity of the slow and fast isozymes measured by formation of reduced N ADP+ by a linked assay system based on the rate of G -l-P form ation was 90 and 260 //mol per hour per mg of enzyme per 1, respectively. How ever, slight variations in the activity were observed in different preparations.
The optimum pH and tem perature of both the "isozymes in gel" were found to be between 5.0 and 5.5 and 30 °C respectively after incubation of 120 min. pH optimum for the slow enzyme in vitro at 30 °C in presence of soluble starch was 6.0 whereas in presence of amylose and glycogen it dropped to 5.5. The fast enzyme had a pH optimum of 5.2 in presence of all prim ers (Fig. 1 ) . In pres ence of soluble starch the tem perature optimum of the free slow isozyme was 35 °C whereas in presence of amylose and glycogen it was 30 C. The fast enzyme had an tem perature optimum of 35 °C in presence of all prim ers (Fig. 2 ) . The isoelectric points of slow and fast enzymes were at pH 5.0 and 5.5 ± 0 .1 respectively. By gel filtration on Sephadex G-200 the molecular weights were determined to 2 0 9 0 0 0 + 1 0 0 0 0 , for the slow enzyme and to 165000 + 5000 for the fast enzyme. The molecular weights of their subunits were found to be 104000 + 4000 and 40000 + 2000 respectively by SDS-gel electrophoresis (Fig. 3 ) . Inhibition and activation data for both isozymes are presented in Table II. In presence of 0.1 M citrate buffer at pH 6.5 the partially purified fast isozyme was converted into the slow form in 20 hours and remained stable even at 80 hours. The conversion of the fast isozyme into slow form was incomplete in solutions lower than pH 6.5 and at a pH higher than 6.5 the enzyme was inactivated within 10 to 15 hours. At pH 5.5 in 0.1 M phosphate buffer the slow isozyme was com-after 65 hours in the phosphate buffer. At pH 5.0 pletely transform ed into the fast form in 55 hours. the conversion of the slow to fast isozyme was inHowever, the fast isozyme lost its activity completely complete and lost its activity after 70 hours. In phosphate buffer at pH 6.0 and above the slow iso zyme lost its activity rapidly and it was almost in active within 10 hours.
Name of the compound
K m values and Vmas obtained in presence of various concentrations of different prim ers and sub strates are shown in Tables III -V. The slow iso- [mmol] 
D iscussion
In crude extracts of potato, phosphorylase has been shown to exist in multiple fo rm s6, 8_10> 19.20,40 However, to determine their physiological role in the tuber it is necessary to isolate the enzymes and to study the individual properties. Various attempts have been made to purify the phosphorylase iso zymes from different plant sources 2_6,12 but little was done to study their p roperties65 n . This may be due to the very high lability of the purified iso zymes.
zyme synthesized polyglucans at a faster rate than the fast isozyme whereas the faster isozyme degraded all the substrates faster than the slow isozyme. Soluble starch is the best substrate and prim er whereas glycogen is a poor substrate and prim er for both isozymes. We could obtain electrophoretically homogenous slow and fast potato phosphorylase isozymes after four steps (Table I, Fig. 3 ). The several m inor pro tein bands which were not separated by column chromatography have been completely removed by preparative PA A-gel electrophoresis according to 28, Fig. 3 , compare column b and c.
Therefore a com bination of column chromato graphy and preparative PAA-gel electrophoresis is the method of choice for the isolation of enzymes in a highly purified state.
The molecular weight of the slow enzvme, which is 2 0 9 0 0 0 + 1 0 0 0 0 , agrees well with other re ports 13,17, 40; 41. We assume, that the slow isozyme isolated by us is identical with the phosphorylase isolated by others. Therefore, we have compared our values from slow isozyme with the literature values wherever possible.
Kamogawa et a l. 15 have obtained crystalline potato phosphorylase by column chromatographic procedure with DEAE-Cellulose and DEAE-Sephadex after absorbing the enzyme to starch. The syn thetic activity of their enzyme was about ten times higher than that of ours. However, they have used soluble starch concentration twenty fold higher. Furtherm ore the assay was done at pH 6.0.
The slight variations in respect to optimal pH values and tem perature among the "isozymes in gel" and in vitro is expected due to different m icro environment in the gel 42. The optimal tem perature and pH of the isozymes in vitro differ with various prim ers due to structural differences of the accepter used. The relation between the phosphorylase acti vity and structure of polyglucan used has been ex tensively discussed elsewhere 13. Lavintm an et al. 43 have also observed a shift in pH-optima of corn phosphorylase to alkaline side when phytoglycogen is used as an acceptor instead of amylopectin.
The molecular weight determ ination according to Andrews 30 method showed the m olecular weight to be 2 0 9 0 0 0 + 1 0 0 0 0 and 165000 ± 5 0 0 0 for the slow and fast isozymes respectively. By porosity (6 -24%) gradient PA A g e l44 the values obtained for the slow isozyme is 200000 and for the fast iso zyme is 162000 which agrees well with this report. Molecular weights obtained by sedimentation stu d ies17,41 and by gel filtratio n 40 are between 200000 and 220000. Recently, Itawa and F u k u i40 have reported a molecular weight of 108000 by SDS-gel electrophoresis for freshly prepared potato phosphorylase. F urther these authors have observed on prolonged storage at 4 °C four bands with a molecular weight of 40000 to 60000. Our values for subunits of slow and fast isozymes would cor respond to this findings.
The values obtained after electrofocusing with Ampholine pH 3 -10 were pH 5 and 5.5 for the slow and fast isozymes respectively are com parable to the values obtained by G erbrandy and Doorg eest11 with Ampholine at pH 3 -10 in a LKB 8101 column.
Hg2+ and Ag+ ions as well as p-CMB were in hibitory to both phosphorylase isozymes is in ac cordance with others 45,46. In contrast to our findings Cu2+ 45,46 and Zn2+ 45 did inhibit the potato enzyme. We have seen that Fe2+ ions inhibit both the isozymes. The inhibition varies between 40 to 50% depending on the acceptor used for the polyglucan synthesis. About 50% of inhibition of maize phosphorylase isozyme I in presence of Fe2+ ions was observed by Tsai and N elson47. They also have reported that Mn2+ and Mg2+ ions are activators. Kinetic results suggested that the fast and slow isozymes have different specificities. For the same substrate the phosphorolytic activity of the fast isozyme was always higher than of the slow iso zyme. The synthetic activity of the slow isozyme with G -l-P in presence of the same prim er was higher than the fast isozyme. The fast isozyme de graded soluble starch 2.9 times faster than the slow isozyme. The synthetic activity of the same isozyme was only 75% of the slow isozyme. When the syn thetic activity of the slow isozyme with G-l-P in presence of soluble starch was arbitrarily considered as 100, in presence of amylose and glycogen it was only 59 and 46 respectively. This relation for the fast isozyme was 1 0 0 :6 4 :1 7 . As a substrate and prim er the soluble starch was superior to amylose and glycogen was inferior to amylose. For plant phosphorylases 43, 48, 49 including potato 45 the gly cogen has been found to be a poor substrate and primer.
The K m value of the slow isozyme for phosphory lation of the soluble starch at 30 °C and pH 6.5 was 0.8 mM. Under the same conditions the affinity of the slow isozyme for soluble starch was 0.5 mM. Lee 41 has reported 3.7 mM as K m value for G -l-P in presence of potato amylopectin for the potato enzyme. The affinity of the same polyglucan was found to be 0.8 mM at 30 °C and pH 6.3 for the potato phosphorylase by the same author. For phosphorolysis in the K m value for the soluble starch at 30 °C is 0.8 mM in contrast to 50 where 2.3 mM was found (Table V ) .
Our present studies show that the partially p uri fied fast isozyme changes into the slow form in presence of citrate ions and the slow form changes into the fast form in presence of phosphate ions. We have formerly observed in the potato tubers fast isozyme changes into the slow form after incubation in citrate buffer 18. L em er et al. 51 also have recently reported that the fast moving grape catechol oxi dases are transform ed into the slow form in presence of citrate ions. Gerbrandy et al. 44 have observed that the potato phosphorylase slow isozyme in vitro is changed into the fast form by the action of p ro teases. A sim ilar observation was done by Iwata and F u k u i40 after the action of pro teases on potato phosphorylase isozyme with a molecular weight of 215000 by gel filtration. U nder the light of these previous reports we presume that phosphate ions influence the release of proteases which convert the slow isozyme with a higher molecular weight into a low molecular form in the sprouting tubers when the degradation of the polyglucans takes place. In presence of citrate ions the release of such proteases is most probably inhibited and the enzyme remains a "slow" isozyme. However it is not clear how the faster isozyme is converted into the slow form in presence of citrate ions. This type of conversion from slow to fast form and vice versa is perform ed only in using a partially purified enzyme and not with a highly purified enzyme preparation. The role of yet unknown factors is obvious.
Phosphorylase isozymes have been studied from different plants 4_12, 43, 47_49' 52 and algae 2' 3? 53_55. It has been reported that changes in amounts of phosphorylase and other enzymes in connection with seasonal cell development have been shown to occ u r 9> 56, 57. Siepmann and Stegem ann8 have re ported that in a young and freshly harvested tuber the slow isozyme is replaced by the faster isozyme during sprouting. G erbrandy and Verleur 6 have re ported that the electrophoretically slow moving phosphorylase isozymes are active in young and mature tubers whereas fast moving isozymes are active in older tubers. They suggested that the slow isozymes are mainly concerned with starch synthesis, whereas the fast moving isozymes are mainly con cerned with degradation of polyglucans. As it was shown 44 that the slow isozyme in vitro is converted into the fast form by the action of proteases, it is suggested that very specific proteases are released during sprouting when degradation of the poly glucans is essential for the growing sprouts. The kinetic data show that the isozyme with higher molecular weight which is abundant in young and freshly harvested potato tubers is more active in the direction of synthesis. The fast moving isozyme from older and sprouting tubers (frozen) can de grade the polyglucans at a faster rate than the slow isozyme. The changes in the relative concentrations of slow and fast phosphorylase isozymes could be part of an in vivo control of the polyglucan syn thesis and degradation in potato tubers.
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